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We demonstrate unexpected occurrence of linear bands resembling Dirac cone at the zone-center of
Au2Sn surface alloy with ( 2 11 3 ) surface structure formed by deposition of about 0.9 ML Sn on Au(111)
at elevated temperature. The surface exhibits an oblique symmetry with unequal lattice constants
making it the first two dimensional surface alloy to exhibit Dirac cone with a non-honeycomb lattice.
Since the discovery of graphene[1, 2], fabrication of
atomically thin two dimensional (2D) materials with
nontrivial band topology has attracted enormous atten-
tion primarily because of their dissipationless conduc-
tion. This led to the discovery of a family of 2D quan-
tum materials with exotic properties; for example, to
mention a few are stanene[3], silicene[4], aluminene[5],
borophene[6] and phosphorene[7]. In particular, the pre-
diction of stanene[3], a buckled tin honeycomb layer, to
be a quantum spin Hall insulator with Dirac cone-like lin-
ear energy dispersion and a large gap of 0.3 eV has stirred
up efforts to realize it on substrates. The first experimen-
tal synthesis of stanene was obtained by molecular beam
epitaxy on Bi2Te3 substrate[8]. Recently, stanene with a
even larger gap of 0.44 eV was reported on InSb(111)[9].
Two very recent studies[10, 11] demonstrated existence
of stanene on metal substrates. Deng et al.[10] reported
epitaxial growth of flat stanene on Cu(111) and obtained
s − p band inversion as well as spin-orbit coupling (soc)
induced topological gap. Yuhara et al.[11] also reported
planar stanene on Ag2Sn surface alloy on Ag(111), how-
ever angle resolved photoemission (ARPES) showed a
parabolic band dispersion.
Gold is an interesting substrate for stanene growth. It
also exhibits a Rashba spin-orbit split surface state in
the L-gap[12, 13]. However, the existing literature of Sn
growth on Au(111) presents conflicting results. A den-
sity functional theory (DFT) work predicted that a pla-
nar stanene is energetically favorable[14]; while another
study showed that its band structure would be modi-
fied due to bonding with Au substrate[15]. In contrast,
there are both experimental[16, 17] as well as theoreti-
cal studies[18, 19] that show occurrence of Au-Sn surface
alloy at room temperature (RT). We have studied the
growth of Sn on Au(111) under different conditions and
demonstrate presence of perfectly linear Dirac-like bands
crossing the Fermi level (EF ) at the zone center (Γ) with
Fermi velocity comparable to graphene. The Dirac-like
bands occur only in a specific Au-Sn ( 2 11 3 ) surface al-
loy phase with oblique symmetry (γ =70.9◦ and b:a=
√
7/
√
3) that is formed at high temperature, but is sta-
ble when cooled to RT and has a composition of Au2Sn.
Our DFT calculation for a model structure, namely mod-
ified Lieb lattice with oblique symmetry shows presence
of linear bands for this binary alloy.
Polished and oriented Au(111) crystal was cleaned in-
situ by repeated cycles of 0.5 keV Ar+ ion sputtering
for 15 min followed by annealing at 673 K for about 10
min. Sn was deposited using a water cooled Knudsen
cell[20] operated at 1078 K Low energy electron diffrac-
tion (LEED) was performed using a four grid rear view
optics. The STM measurements were carried out in a
variable temperature STM work station in the constant
current mode by applying the bias to a tungsten tip. The
coverage has been determined from the change in slope
of the Auger electron spectroscopy signals from Sn and
Au as well as by STM. The photoemission measure-
ments were carried out in a separate workstation us-
ing R4000 electron energy analyzer. The base pressure of
both the workstations were better than 2×10−10 mbar.
For ARPES, the overall energy resolution measured by
fitting the Au Fermi level including RT broadening was
100 meV, while the angular resolution was 1 ◦ for ac-
ceptance angle of ±15◦. The energy resolution for XPS
using monochromatized Al Kα source was 0.34 eV. The
core-level spectra have been fitted using a least square er-
ror minimization procedure where Doniach-S˘unjic´ (DS)
line shape[21] convoluted with a Gaussian function rep-
resenting the instrumental broadening has been used to
represent each component.
The electronic structure calculations using density
functional theory (DFT) have been performed by Vi-
enna ab initio simulation package (VASP)[22] using the
projector augmented wave method[23]. For exchange-
correlation functional, the generalized gradient approxi-
mation has been employed[24]. We use an energy cutoff
of 350 eV for the plane waves. The final energies have
been calculated with a k mesh of 29×21×1. A vacuum
region of about 18 A˚ is considered in the z-direction.
The energy and the force tolerance for our calculations
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Figure 1: The low energy electron diffraction (LEED) pat-
tern with 104 eV beam energy of (a) the (2113) phase of
Sn/Au(111) obtained by depositing ≈0.9 ML Sn at 413 K
and subsequently cooled to RT and (b) the bare Au(111)
substrate. (c) A simulation of the LEED pattern in (a) us-
ing the LEEDpat[25], the three domains rotated by 120◦ are
shown by green, blue and red circles, while the white circles
represent their common spots that appear at (1×1) position.
The primitive reciprocal lattice vectors for the blue domain
are marked by black dashes, while the white dashes represent
those of Au(111). (d) A high resolution scanning tunneling
microscopy (STM) image showing one domain of the (2113)
phase using tunneling current of 0.9 nA and a bias voltage
of -0.3 V. The real space primitive unit cell and basis vectors
(white arrows) are shown, inset shows the Fourier transform
of this image. (e) Height profiles along ab (black line) and cd
(red line) of (d) are compared with the height profile (green
line) along an atomic array perpendicular to the discommen-
surate lines of Au(111) herringbone reconstruction.
are 1 µeV and 20 meV/A˚, respectively.
The LEED pattern of ≈0.9 ML Sn/Au(111) deposited
at a substrate temperature (TS) of 413 K in Fig. 1(a)
is completely different from the Au(111) substrate in
Fig. 1(b). Au(111) exhibits satellite spots around each
1×1 spot that are related to the 22×√3 reconstruction.
On the other hand, the Sn/Au(111) pattern comprises
of characteristic pairs of triangles (black dashed) each
formed by six spots. These have reflection symmetry
across the line (white dashed) joining two adjacent 1×1
spots. The absence of the satellite spots related to the
bare substrate reconstruction obviously means formation
of a totally different surface structure. We have simulated
the LEED pattern considering a matrix[25] M = ( 2 11 3 ),
the three sets of red, green and blue colored spots cor-
respond to three 120◦ rotated domains (Fig. 1(c)). We
henceforth denote this structure by (2113). The recipro-
cal unit cell vectors for one of the domains and the sub-
strate are shown in Fig. 1(c). If a1 (=a2) is the substrate
direct lattice vector, the overlayer direct lattice vectors
shown by white arrows in Fig. 2(d) are b1=
√
3×a1, while
b2=
√
7×a2. b1 (b2) is rotated by 30◦ (100.9◦) with
respect to a1 and thus the unit cell of the overlayer is
oblique with γ= 70.9◦.
A high resolution atomic scale STM image in Fig. 1(d)
shows the oblique mesh, where the lengths of the unit
cell vectors b2 and b1 are estimated to be 8.4±0.3 A˚ and
5.5±0.3 A˚, respectively, which are in the ratio of √7/√3.
The oblique symmetry of the unit cell is also evident with
γ having similar value as obtained from LEED (70±3◦).
The height profiles in Fig.1(e) show that the overlayer is
flat with atomic corrugation of ±5 pm that is similar to
the bare substrate. In contrast to the height profile along
cd, the height profile along ab that is perpendicular to cd
shows a broad undulation. This is very similar to that ob-
served across the discommensurate lines of the Au(111)
herringbone reconstruction (green line in Fig. 1(e)) indi-
cating that although there is no buckling as in stanene, a
long range undulation of the Au(111) surface is present.
An important conclusion from our LEED and STM stud-
ies is that Sn deposition on Au(111) at 413 K does not
result in a honeycomb structure.
In spite of not being stanene with honeycomb struc-
ture, the ARPES of the (2113) phase demonstrates an un-
expected result: two branches of highly linear bands (D)
forming a ’Λ’ shape, as shown by white dashed lines in
Fig. 2(a)). The bands are linear along Γ-M over a binding
energy (EB) range starting from 1.5 eV at k‖= 0.2A˚−1
to the Fermi level (EF ), where the two branches of ’Λ’
meet at the Γ point. Its linearity is established from the
momentum distribution curves (MDC) (Fig.2(b)) from
which EB as a function of k‖(red squares) is obtained
(Fig.2(c)).
The first Brillouin zone of the (2113) phase obtained
from the unit cell determined above is overlaid on that
of the substrate in Fig. 2(d). ARPES measured up to the
M point of the substrate BZ spans the K ′ and M ′ points
of the overlayer BZ when all the domains are considered,
but no other linear band is observed at either K ′ or M ′
(see Fig. S1(a,b) of Supplementary material (SM)[27]).
Similarly, ARPES spectra up to the K point of substrate
BZ spans the M ′ and Γ′ points of overlayer BZ, but no
other linear bands are observed (see Fig. S1(c,d)[27]).
The linear band is observed only at the common zone
center Γ of the three domains. The linear bands are not
observed at Γ′ point of domain3 possibly because of over-
lap with bands related to the other two domains for which
this is an arbitrary k point and the proximity of intense
s− p band of Au.
The D band is also observed at a different photon en-
ergy of 23 eV, the EB(k‖) variation from MDC (solid
black triangles in Fig. 2(c)) is very similar to 21.2 eV
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Figure 2: (a) ARPES spectra of the (2113) Sn/Au(111)
phase using 21.2 eV photon energy (hν) along the Γ-M direc-
tion. The linear band D is highlighted by white dashed lines.
(b) The momentum distribution (MDC) curves from EB= 0
to 1.6 eV at step of 0.1 eV in (a). (c) EB as a function of
k‖ (red squares) for D band obtained from the MDC curves
in (b). (d) The first Brillouin zones of Au(111) (outer regu-
lar hexagon) and the (2113) phase (inner elongated hexagon)
with the high symmetry points indicated. ARPES spectra
along (e) Γ-M with hν= 23 eV and (f) along Γ-K with hν=
21.2 eV.
photon energy showing that it is surface related. More-
over, as expected for a Dirac cone, D is unaffected by
the variation of the azimuthal angle e.g. from the Γ-M
direction (Fig. 2(a)) to Γ-K direction (Fig. 2(f) and black
open circles in Fig. 2(c)). The ARPES data for the inter-
mediate azimuthal angles are shown in Fig. S2 of SM[27].
A least square fitting obtained from MDC curves
of Fig. 2(a,e,f) with a blue straight line provides an
excellent fit. The magnitude of the slopes (dEB/dk‖)
of the left and the right branches are essentially same,
6.88±0.1 and 6.92±0.1, respectively. Applying the rela-
tion vF =
1
h¯
dEB
dk‖
, the Fermi velocity (vF ) turns out to be
1.05×106 m/s, which is very similar to that of graphene
(1×106 m/s)[26]. However, the important differences
with graphene is that the structure is non-honeycomb
and a single Dirac-like cone is observed at the zone cen-
ter. Theoretical studies have predicted their existence of
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Figure 3: (a) Au 4f and (b) Sn 4d core level spectra of
the (2113) phase compared with (c) Au 4f (d) Sn 4d of bulk
metals Au and Sn, respectively. The residual of the least
square fitting (black line) is shown in the top of each panel.
such single Dirac cones non-honeycomb structures. For
example, the Lieb lattice with a square symmetry hosts
a topologically nontrivial Z2 invariant insulating phase
with a single Dirac cone per BZ[28, 29]. A MoS2 al-
lotrope having square-octagonal ring structure has been
shown theoretically to exhibit a single Dirac cone at EF
at the zone center and its vF is comparable to that of
graphene[30]. Graphaynes that are rectangular show two
nonequivalent distorted Dirac cones[31]. We have used a
modified Lieb lattice model for our DFT calculations, as
discussed latter.
It is interesting to note that another weak linear band
D′ in Fig. 2(a,e,f) is observed that is parallel to D with a
k‖ momentum offset of about 0.2 A˚−1. Both the branches
of D′ cross EF at 0.2 A˚−1. The energy offset between D
and D′ is about 0.5 eV. It has been shown in an earlier
study that Au intercalation in graphene induces large
Rasbha spin orbit coupling (soc) of 0.1 eV[32]. Giant
Rashba effect has also been observed in a AuPb binary
surface alloy at the surface zone center with a Rashba
parameter value of 4.45 eV A˚[33]. If we interpret D′ to
be due to Rashba soc, the Rashba parameter value here
is 5 eVA˚, which is similar to AuPb. As in case of D, the
D′ band is also unaffected by change of photon energy
(Fig. 2(e)) and the azimuthal angle (Fig. 2(f) and Fig.
S2[27]).
Before proceeding further to understand the origin of
the Dirac-like cones discussed above, we have addressed
the question of alloying in the (2113) phase. Previ-
ous studies[16, 17] using LEED and AES show forma-
tion of AuSn surface alloy at RT. Au 4f and Sn 4d
core-level spectra of the (2113) phase (Fig. 3(a,b)) are
compared with those of the corresponding bulk metals in
Fig. 3(c,d). In Fig. 3(c), Au 4f shows the 4f7/2 bulk peak
at 84 eV, while the surface component (shaded green) is
4shifted to lower EB at 83.6 eV[34]. In contrast, for the
(2113) phase, the surface component is absent and both
the Au 4f spin-orbit split peaks exhibit an asymmetry on
the higher EB side that cannot be accounted for by DS
asymmetry. A good quality fit is obtained only when an
additional component (AuA, blue shaded) is considered,
and its position is varied freely. The main peak (AuB)
appears at 84 eV, while AuA appears at 0.3 eV higher
EB . AuB position coincides with the bulk component
of Au metal (Fig. 3(a,c)) and thus it can be assigned
to the underlying substrate. On the other hand, AuA
is related to the (2113) 2D surface alloy. This is sup-
ported by an earlier work, which show that the Au 4f
peak shifts to higher EB in bulk Au-Sn alloys compared
to Au metal[35].
The Sn 4d spectrum in Fig. 3(d) for Sn metal shows
the 4d5/2 and 4d3/2 peaks at 24 eV and 25 eV, respec-
tively. In contrast, the corresponding peaks in the (2113)
phase are both shifted to higher EB by 0.3 eV. This
clearly indicates surface alloying since in bulk Au-Sn al-
loys, such shift to higher EB is reported with respect
to Sn metal[35]. It is noted that the Sn 4d peaks are
broader and fitting with single component fails, indicat-
ing presence of at least two components. This is estab-
lished by the Sn 4d spectrum recorded with higher reso-
lution, where the shoulder depicting the second compo-
nent is showed by an arrow (Fig. 3(b), green line). Thus,
presence of two non-equivalent Sn atom positions in the
Au-Sn alloy is indicated. These components (SnA and
SnB) are separated by 0.3 eV. The composition of the
surface alloy is determined to be Au2Sn, considering the
areas of AuA and (SnA+ SnB) and their corresponding
photoemission cross-sections. Note that following simi-
lar procedure for 0.9 ML Sn deposited on Au(111) at RT,
we find the composition to be AuSn, in agreement with
literature[16]. Thus, clearly, besides the surface struc-
ture, the composition of the surface alloy also changes
with TS .
It is important to note that the occurrence of the Dirac-
like linear bands in Fig. 2 is specific to the (2113) phase
with composition of Au2Sn. The ARPES for the other
phases with different surface structure and composition
studied by us do not show the linear bands (Fig. S3)[27].
DFT has been extensively used to understand the elec-
tronic structure of the 2D materials. However, in
order to perform DFT, a starting structural model for
the (2113) phase is required. Although we have de-
termined the unit cell, the task of obtaining the atomic
positions is complicated due to surface alloying and is
outside the scope of the present work. If bare Au(111)
surface is considered, the unit cell would comprise of 5
Au atoms in the regular fcc positions with the lattice
parameters b1= 4.89A˚, b2= 7.61A˚ and γ= 70.9
◦. But,
for Au2Sn, a 2:1 ratio of the Au and Sn atoms is not
satisfied with 5 atoms in the unit cell. So, we have con-
sidered an extra Sn atom noting that the size of the
unit cell (b2= 8.4±0.3 A˚ obtained from STM) is larger
than the unrelaxed bulk terminated unit cell with b2=
7.61A˚. Among a few structures we have probed, we
present here an atomic arrangement following the Lieb
lattice that has been shown to host a topologically non-
trivial phase with a single Dirac point per unit cell along
with a dispersionless band through it[28]. However, in
order to be consistent with experiment, we take a non-
primitive Lieb lattice with 6 atoms per unit cell and
modified to be oblique with γ= 70.9◦ rather than be-
ing rectangular[28]. To retain the inversion symmetry,
we assume two Sn atoms to be at the center and corner
positions, while the four Au atoms occupy intermediate
positions forming a parallelogram with subtended angle
of γ (Fig. S4(a))[27]. The calculated band structures re-
veal that only for this model, a pair of linear bands
meet at the Γ point, but at about 2 eV above EF and
shows a small gap of 130 meV (Fig. S4(b,c)[27]). These
bands originate primarily from the Sn p states with some
admixture of Au s states. However, our experimental
data show that the linear bands meet at EF and also the
two shallow parabolic bands crossing the linear bands
are not observed (Fig. 2). The reasons for such qualita-
tive disagreement with ARPES could be related to the
fact that the (2113) phase occurs only at high tempera-
ture and thus it could be a metastable phase, while DFT
calculates the lowest energy ground state at zero temper-
ature. Most importantly, we have used only a notional
model structure consistent with the experimentally deter-
mined unit cell. The disagreement may also be attributed
to that. We believe that the complete structure of the
(2113) phase needs to be determined experimentally and
used as input to the DFT calculation for realistic deter-
mination of its electronic band structure.
To conclude, we have identified Dirac-like linear bands
at the zone center in Au2Sn surface alloy that has an
oblique unit cell described by M = ( 2 11 3 ). This is thus an
example of Dirac cone in a non-honeycomb surface alloy.
The linear bands forming the Dirac cone have Fermi ve-
locity comparable to that of graphene. It is surprising
that exotic electronic structure is possible even in compli-
cated surface alloys. The present results will rejuvenate
the search for 2D quantum materials that are important
for high speed electronic devices.
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Fig. S 1: ARPES spectra of the (2113) phase along ΓM direction (a) over an extended range up to M point and (b) around Γ
point. ARPES spectra along ΓK direction (c) over an extended range up to K point and (d) around Γ point.
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Fig. S 2: ARPES spectra around Γ point from ΓM to ΓK direction at azimuthal angle φ= (a) 22◦, (b) 23◦ (Γ-M), (c) 28◦, (d)
33◦, (e) 38◦, (f) 43◦, (g) 48◦ and (h) 53◦ (Γ-K).
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Fig. S 3: Low energy electron diffraction pattern and ARPES spectrum of (a, g) Au(111) and 0.9 ML Sn/Au(111) deposited
at (b, h) TS= 300 K forming a p(3×3)-R15◦ pattern, (c, i) TS= 383 K forming a mixed phase (d, j) TS= 413 K forming the
(2113) phase, (e, k) TS= 443 K forming a
√
3×√3 phase mixed with the (2113) phase and (f, l) TS= 493 K forming
√
3×√3
phase, respectively.
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Fig. S 4: (a) The structure of the oblique Lieb lattice after atom position relaxation, the unit cell is marked by black dashed
line, Au and Sn atoms are shown by dark blue and red filled circles, (b) The corresponding band structure is shown along Γ-M ′
direction, the contribution of the Au and Sn states to each band is indicated, (c) the linear bands are shown in an expanded
scale.
